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A control system and method for controlling an autonomous 
or semi - autonomous device . The method includes receiving 
a command signal representative of a desired acceleration , 
instructing the device to accelerate according to the desired 
acceleration , receiving a measurement signal representative 
of an actual acceleration , determining an initial control 
response based on the actual acceleration via a prediction 
model , applying a mathematical transform to the command 
signal and measurement signal , determining a mathematical 
model of the device based on the transformed command 
signal and transformed measurement signal , smoothing 
parameters of the mathematical model , inverting a transfer 
function of the mathematical model , updating control 
responses based on the mathematical model and inverted 
transfer function , and controlling the device according to the 
updated control responses . Improved performance of the 
control system itself and hence improved control of the 
autonomous or semi - autonomous device is thereby 
achieved . 
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REAL TIME EFFECTIVE MASS AND 
MOMENT OF INERTIA MEASUREMENT 

RELATED APPLICATIONS 
[ 0001 ] This regular utility non - provisional patent applica 
tion claims priority benefit with regard to all common 
subject matter of earlier filed U . S . Provisional Patent Appli 
cation titled “ REAL TIME EFFECTIVE MASS AND 
MOMENT OF INERTIA MEASUREMENT ” , Ser . No . 
62 / 419 , 288 , filed on Nov . 8 , 2016 , which is hereby incor 
porated by reference in its entirety into the present applica 
tion . 

BACKGROUND 
[ 0002 ] Drones and other autonomous or semi - autonomous 
devices are typically unstable by nature and require control 
systems that can implement fast and accurate control loops 
to correct undesirable movements . These movements can be 
caused by external forces such as wind and turbulence or by 
internal control errors . A common control system uses 
proportional integral derivative ( PID ) controllers . Other 
more complex systems use signal filters . However , tuning 
PIDs and signal filters is difficult and is often restricted to a 
subset of scenarios or requires some human input . Impor 
tantly , control systems cannot perform these tunings in time 
or in a desired manner , such as without human input , to be 
used in control of autonomous or semi - autonomous devices . 
[ 0003 ] PIDs use the language of Laplace transforms and 
transfer functions . A transfer function is a time - independent 
way of describing how a signal changes as it propagates 
through a system . For example , a signal passing through a 
first component and then through a second component has a 
combined transfer function that is a product of the two 
functions describing the individual devices . The problem of 
controlling both components accurately and immediately 
may be seen as trying to find a system where the totality of 
sensors , actuators , environment , communication , and calcu 
lations should result in as close to an identity function as 
possible . The desired control signal passes first through a 
PID - like controller and then through actuators while being 
affected by the environment . The transfer function of the 
controller must then be the inverse of the transfer function 
that describes everything else in the system if their product 
is to be identity . Finding the inverse function for an arbitrary 
non - linear process function is difficult . As previously stated , 
this cannot be performed in time or in a sufficient manner to 
be used in control of autonomous or semi - autonomous 
devices . 
[ 0004 ] Some control systems focus on attempting to 
modify the PIDs or to find methods of tuning the PIDs . 
These control systems use fixed values and / or active control 
loops such as PIDs where these parameters are buried in the 
control loop ' s parameters . The parameters contain too many 
elements and are not separable , which is not conducive to 
improving control of the devices . 

herein improves performance of the control system itself and 
hence improves control of the autonomous or semi - autono 
mous device . 
10006 ] An embodiment of the invention is a method of 
controlling a drone . First , the drone may be instructed to 
accelerate according to an initial command . An actual accel 
eration ( i . e . , a measured response ) of the drone may then be 
determined . An initial control response may then be deter 
mined based on the actual acceleration and a desired accel 
eration . The initial control response may incorporate nega 
tive feedback , a proportional integral derivative ( PID ) , a 
filter such as a Kalman filter , or any other suitable approach 
or combination thereof . For example , the PID may include 
a linear combination ( weighted sum ) of a scaled error , an 
integral of the scaled error , and a derivative of the scaled 
error . A small amount of random noise may also be added to 
the initial control response to flatten an overall noise power 
spectrum of the drone . 
[ 0007 ] The drone ' s thrusters may then be actuated accord 
ing to the initial control response such that the drone lifts off 
a ground surface or home base . A mathematical transform 
may then be applied to the initial command and the actual 
acceleration . The transform may be a Fourier transform , a 
Laplace transform , a wavelet transform , an empirical mode 
decomposition , or any other suitable transform . 
10008 ] The transformed initial command and actual accel 
eration are fit to a mathematical model of the drone . The 
model may be expressed in advanced algebras such as tensor 
or geometric algebras to combine parameters . The trans 
formed initial command and actual acceleration may be fit 
via a least - square fitting , Newton ' s method , or any other 
suitable technique . Mass and drag of the drone may also be 
determined from forces applied to the drone and its resulting 
acceleration . Similarly , moment of inertia and drag of the 
drone may be determined from torques applied to the drone 
and its resulting angular velocities . 
[ 0009 ] Parameters of the mathematical model are then 
smoothed . For example , at least some random noise may be 
averaged out to obtain more precise parameter values . 
Outputs , values , parameters , and equations developed from 
the above steps are then used to form a control loop . 
Specifically , successive control responses may be generated 
according to the mathematical model . 
[ 0010 ] This summary is not intended to identify essential 
features of the present invention , and is not intended to be 
used to limit the scope of the claims . These and other aspects 
of the present invention are described below in greater 
detail . 

DRAWINGS 
[ 0011 ] Embodiments of the present invention are 
described in detail below with reference to the attached 
drawing figures , wherein : 
[ 0012 ] FIG . 1 is a schematic diagram of a control system 
constructed in accordance with an embodiment of the inven 
tion and shown in communication with an autonomous or 
semi - autonomous device ; 
[ 0013 ] FIG . 2 is a flow diagram of a method of controlling 
an autonomous or semi - autonomous device ; and 
[ 0014 ] FIG . 3 is a signal diagram corresponding to the 
method of FIG . 2 . 
[ 0015 ] The figures are not intended to limit the present 
invention to the specific embodiments they depict . The 
drawings are not necessarily to scale . 

SUMMARY 
[ 0005 ] Embodiments of the present invention solve the 
above - described and other problems and limitations by 
providing an improved autonomous or semi - autonomous 
device control system and method for controlling an autono 
mous or semi - autonomous device . The invention described 
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DETAILED DESCRIPTION 
[ 0016 ] The following detailed description of embodiments 
of the invention references the accompanying figures . The 
embodiments are intended to describe aspects of the inven 
tion in sufficient detail to enable those with ordinary skill in 
the art to practice the invention . Other embodiments may be 
utilized and changes may be made without departing from 
the scope of the claims . The following description is , there 
fore , not limiting . The scope of the present invention is 
defined only by the appended claims , along with the full 
scope of equivalents to which such claims are entitled . 
[ 0017 ] In this description , references to " one embodi 
ment ” , “ an embodiment " , or " embodiments ” mean that the 
feature or features referred to are included in at least one 
embodiment of the invention . Separate references to " one 
embodiment ” , “ an embodiment " , or " embodiments ” in this 
description do not necessarily refer to the same embodiment 
and are not mutually exclusive unless so stated . Specifically , 
a feature , structure , act , etc . described in one embodiment 
may also be included in other embodiments , but is not 
necessarily included . Thus , particular configurations of the 
present invention can include a variety of combinations 
and / or integrations of the embodiments described herein . 
[ 0018 ] Turning to the drawing figures , and particularly 
FIG . 1 , embodiments of the present invention may be used 
for controlling an autonomous or semi - autonomous device 
100 . The autonomous or semi - autonomous device 100 may 
be a drone , a robot , a vehicle , a component thereof such as 
a robot arm or steady - cam gimble , or any other actuatable 
machine or device . The autonomous or semi - autonomous 
device 100 may include thrusters 102 for generating accel 
eration forces . The thrusters 102 may be propellers , rotors , 
rockets , jets , compressed gas expulsion systems , actuators , 
wheeled drive trains , or any other suitable propulsion sys 
tem . 
[ 0019 ] A control system 10 constructed in accordance with 
an embodiment of the present invention will now be 
described in detail . The control system 10 broadly comprises 
a plurality of sensors 12 and a processor 14 . 
0020 ] The sensors 12 sense positions , movement , and / or 

acceleration of the autonomous or semi - autonomous device 
100 and thus may be mounted on the autonomous or 
semi - autonomous device 100 or positioned near the autono 
mous or semi - autonomous device 100 . The sensors 12 may 
be or may include accelerometers , motion sensors , proxim 
ity sensors , pressure sensors , cameras , radar detectors , lidar 
detectors , global positioning system ( GPS ) sensors , or any 
other suitable sensing devices . 
[ 0021 ] The processor 14 interprets data from the sensors 
12 and controls the autonomous or semi - autonomous device 
100 according to the interpreted data and other inputs , as 
described in more detail below . The processor 14 may 
include a circuit board , memory , and other electronic com 
ponents such as a display and inputs for receiving external 
commands and a transmitter for transmitting data and elec 
tronic instructions . The processor 14 may be mounted in or 
on the autonomous or semi - autonomous device 100 or may 
be part of a remote controller or remote computing system 
in communication with the autonomous or semi - autono 
mous device 100 . 
[ 0022 ] The processor 14 may implement aspects of the 
present invention with one or more computer programs 
stored in or on computer - readable medium residing on or 
accessible by the processor . Each computer program pref 

erably comprises an ordered listing of executable instruc 
tions for implementing logical functions and controlling the 
autonomous or semi - autonomous device 100 according to 
commands and other inputs . Each computer program can be 
embodied in any non - transitory computer - readable medium , 
such as a memory ( described below ) , for use by or in 
connection with an instruction execution system , apparatus , 
or device , such as a computer - based system , processor 
containing system , or other system that can fetch the instruc 
tions from the instruction execution system , apparatus , or 
device , and execute the instructions . 
[ 0023 ] The memory may be any computer - readable non 
transitory medium that can store the program for use by or 
in connection with the instruction execution system , appa 
ratus , or device . The computer - readable medium can be , for 
example , but not limited to , an electronic , magnetic , optical , 
electro - magnetic , infrared , or semi - conductor system , appa 
ratus , or device . More specific , although not inclusive , 
examples of the computer - readable medium would include 
the following : an electrical connection having one or more 
wires , a portable computer diskette , a random access 
memory ( RAM ) , a read - only memory ( ROM ) , an erasable , 
programmable , read - only memory ( EPROM or Flash 
memory ) , an optical fiber , and a portable compact disk 
read - only memory ( CDROM ) . 
10024 ] Control of the autonomous or semi - autonomous 
device 100 will now be described in more detail . First , the 
processor 14 may receive an initial command and instruct 
the autonomous or semi - autonomous device 100 to accel 
erate according to the initial command , as represented by 
start point 200 . The initial command may be a first move 
ment command input from a user or a calibration movement 
or other initialization movement . 
[ 0025 ] An actual acceleration of the autonomous or semi 
autonomous device 100 ( e . g . , a , ) may then be determined , 
as shown in block 202 . For example , a measured response 
may be received from the sensors 12 . 
[ 0026 ] An initial control response based on the actual 
acceleration and a desired acceleration may then be deter 
mined , as shown in block 204 . The initial control response 
may incorporate negative feedback , a proportional integral 
derivative ( PID ) , a filter such as a Kalman filter , or any other 
suitable approach or combination thereof . For example , the 
PID may include a linear combination ( weighted sum ) of a 
scaled error , an integral of the scaled error , and a derivative 
of the scaled error . A small amount of random noise may also 
be added to the initial control response to flatten an overall 
noise power spectrum of the autonomous or semi - autono 
mous device 100 , as shown in block 206 . 
100271 The thrusters 102 may then be actuated according 
to the initial control response , as shown in block 208 . For 
example , the processor 14 may increase output of the 
thrusters 102 by a force of f , such that the autonomous or 
semi - autonomous device lifts off a ground surface or home 
base . The processor 14 may also record the initial control 
response on the memory for future reference . 
10028 ] A mathematical transform may then be applied to 
the initial command and the actual acceleration , as shown in 
block 210 . The transform may be a Fourier transform , a 
Laplace transform , a wavelet transform , an empirical mode 
decomposition , or any other suitable transform . For 
example , Fourier transforms may be applied to the equations 
Ã = F ( a , ) and F = F ( f . ) . 

m 
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[ 0029 ] The transformed initial command and actual accel 
eration are fit to a mathematical model of the autonomous or 
semi - autonomous device 100 , as shown in block 212 . The 
model may be expressed in advanced algebras such as tensor 
or geometric algebras to combine parameters . The trans 
formed initial command and actual acceleration may be fit 
via a least - square fitting , Newton ' s method , or any other 
suitable technique . For example , A and Femay be fit to a 
mathematical model such as F : + For = Maze21PS ? . Mass and 
drag of the autonomous or semi - autonomous device 100 
may also be determined from forces applied to the autono 
mous or semi - autonomous device 100 and its resulting 
acceleration . Similarly , moment of inertia and drag of the 
autonomous or semi - autonomous device 100 may be deter 
mined from torques applied to the autonomous or semi 
autonomous device 100 and its resulting angular velocities . 
( 0030 ] Parameters of the mathematical model , such as M , 
0r , and Fo , may then be smoothed , as shown in block 214 . 
For example , at least some random noise may be averaged 
out to obtain more precise parameter values . 
[ 0031 ] Outputs , values , parameters , and equations devel 
oped from steps 202 - 208 and 210 - 214 , represented by 
ending point 216 , are then used to form a control loop . 
Specifically , successive control responses may be generated 
in step 204 according to the mathematical model developed 
through steps 210 - 214 . 
[ 0032 ] Turning to FIG . 3 , and with reference to FIGS . 1 
and 2 , a signal diagram of an exemplary control loop will 
now be described in more detail . First , a desired acceleration 
signal representative of the above - described initial com 
mand is input at node 300 . 
[ 0033 ] A predictive model is used to compute a base 
control response signal representative of the initial control 
response described above , as shown in block 302 . Signals 
representative of the desired acceleration and previously 
measured acceleration are used in a PID to determine a 
correction to the base control response , as shown in block 
304 . The base control response and correction are summed 
together to form a command signal , as shown in block 306 . 
[ 0034 ] The command signal is transmitted to the thrusters 
308 to effect acceleration of the autonomous or semi 
autonomous device 100 , as shown in block 308 . The autono 
mous or semi - autonomous device 100 also interacts with its 
environment such that an actual acceleration is realized , as 
shown in block 310 . That is , the autonomous or semi 
autonomous device 100 is subjected to gravity , atmospheric 
pressure , wind , drag , and other natural forces due to its mass , 
shape , and other characteristics . The autonomous or semi 
autonomous device 100 may also contact or impact 
obstacles such as the ground , a wall , and other autonomous 
or semi - autonomous devices . The sensors 12 return a mea 
sured actual acceleration signal representative of a measured 
actual acceleration resulting from contributions of the thrust 
ers 308 and the environment , as shown in block 312 . 
100351 Fourier transform is then applied to the measured 
actual acceleration signal , as shown in block 314 . A Fourier 
transform is also applied to the command signal ( the sum of 
the base control response signal and the correction from 
block 306 ) , as shown in block 316 . Results of the Fourier 
transforms are then fit to a mathematical model . Transfer 
functions of the mathematical model are then derived and 
inverted , as shown in block 318 . Parameters of the math 
ematical model are then extracted , as shown in block 320 . 
The mathematical model , extracted parameters , and / or 

transfer functions are then used to update the prediction 
model of block 302 and the PID of block 304 , thus com 
pleting the control loop . It should be noted that a Kalman 
filter or other filter having a time delay or phase ambiguity 
may be used in place of the PID . 
( 0036 ] The above - described autonomous or semi - autono 
mous device control system 10 and method provide several 
advantages including improved control system performance 
and hence improved control of the autonomous or semi 
autonomous device . For example , the transfer functions are 
directly and in near real time derived via a mathematical 
model of the autonomous or semi - autonomous device 100 
itself and used to compute the parameters of the PID . The 
linearity of Fourier transforms and a mathematical model of 
the autonomous or semi - autonomous device 100 are used to 
fit measurements from different frequencies simultaneously 
for finding a suitable filter model that can then be used to 
retrieve effective mass , moment of inertia , and phase 
responses . Control and measurement signals are separated 
into a set of solutions with different frequency characteris 
tics , using for example an integral transform , each of which 
can be separately fit to the given mathematical model . By 
fitting all of them simultaneously , there is sufficient infor 
mation to highly constrain the parameters of the mathemati 
cal model . Also , some amount of random noise is averaged 
away and better parameters are obtained by using an integral 
transform to obtain this set of solutions and by highly 
constraining the model . Furthermore , a predictive “ forward ” 
model is used to help estimate a state of the autonomous or 
semi - autonomous device 100 before an error signal is 
obtained . 
[ 0037 ] Although the invention has been described with 
reference to the one or more embodiments illustrated in the 
figures , it is understood that equivalents may be employed 
and substitutions made herein without departing from the 
scope of the invention as recited in the claims . 
[ 0038 ] Having thus described one or more embodiments 
of the invention , what is claimed as new and desired to be 
protected by Letters Patent includes the following : 

1 . A computer - implemented system for controlling an 
autonomous or semi - autonomous device , the computer 
implemented system comprising : 

a processor configured to : 
receive a command signal representative of a desired 

acceleration ; 
instruct the autonomous or semi - autonomous device to 

accelerate according to the command signal ; 
receive a measurement signal representative of an 

actual acceleration of the autonomous or semi - au 
tonomous device ; 

determine an initial control response based on the 
actual acceleration via a prediction model ; 

apply a mathematical transform to the command signal 
and the measurement signal ; 

determine a mathematical model of the autonomous or 
semi - autonomous device based on the transformed 
command signal and transformed measurement sig 
nal , the mathematical model having a plurality of 
parameters ; 

smooth the parameters of the mathematical model ; 
determine a transfer function of the mathematical 
model ; 

invert the transfer function ; 
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determine updated control responses based on the 
mathematical model and the inverted transfer func 
tion ; and 

control the autonomous or semi - autonomous device 
according to the updated control responses . 

2 . The computer - implemented system of claim 1 , wherein 
the mathematical transform is selected from the group 
consisting of a Fourier transform , a Laplace transform , a 
wavelet transform , and an empirical mode decomposition . 

3 . The computer - implemented system of claim 1 , wherein 
the processor is further configured to incorporate noise into 
the initial control response so as to flatten an overall noise 
power spectrum of the autonomous or semi - autonomous 
vehicle . 

4 . The computer - implemented system of claim 1 , wherein 
the processor is configured to determine the mathematical 
model according to least - square fitting or Newton ' s method . 

5 . The computer - implemented system of claim 1 , wherein 
the processor is further configured to determine a mass and 
drag of the autonomous or semi - autonomous device based 
on the actual acceleration and an applied force resulting in 
the actual acceleration . 

6 . The computer - implemented system of claim 1 , wherein 
the actual acceleration is an angular acceleration , the pro 
cessor being further configured to determine a moment of 
inertia and drag of the autonomous or semi - autonomous 
device based on the actual acceleration and an applied 
torque resulting in the actual acceleration . 

7 . The computer - implemented system of claim 1 , wherein 
the mathematical model is expressed in tensor or geometric 
algebraic equations . 

8 . The computer - implemented system of claim 1 , wherein 
the control response is determined according to a propor 
tional integral derivative ( PID ) . 

9 . The computer - implemented system of claim 1 , wherein 
the processor is further configured to pass the inverted 
transfer function through a Kalman filter . 

10 . The computer - implemented system of claim 9 , 
wherein the filter has a time delay or phase ambiguity . 

11 . A computer - implemented method of controlling an 
autonomous or semi - autonomous device , the method com 
prising the steps of : 

receiving a command signal representative of a desired 
acceleration ; 

instructing the autonomous or semi - autonomous device to 
accelerate according to the command signal ; 

receiving a measurement signal representative of an 
actual acceleration of the autonomous or semi - autono 
mous device ; 

determining an initial control response based on the actual 
acceleration via a prediction model ; 

applying a mathematical transform to the command signal 
and the measurement signal ; 

determining a mathematical model of the autonomous or 
semi - autonomous device based on the transformed 
command signal and transformed measurement signal , 
the mathematical model having a plurality of param 
eters ; 

smoothing the parameters of the mathematical model ; 
determining a transfer function of the mathematical 
model ; 

inverting the transfer function ; 
determining updated control responses based on the math 

ematical model and the inverted transfer function ; and 

controlling the autonomous or semi - autonomous device 
according to the updated control responses . 

12 . The computer - implemented method of claim 11 , 
wherein the mathematical transform is selected from the 
group consisting of a Fourier transform , a Laplace trans 
form , a wavelet transform , and an empirical mode decom 
position . 

13 . The computer - implemented method of claim 11 , fur 
ther comprising the step of incorporating noise into the 
initial control response so as to flatten an overall noise power 
spectrum of the autonomous or semi - autonomous vehicle . 

14 . The computer - implemented method of claim 11 , 
wherein the mathematical model is determined according to 
least - square fitting or Newton ' s method . 

15 . The computer - implemented method of claim 11 , fur 
ther comprising the step of determining a mass and drag of 
the autonomous or semi - autonomous device based on the 
actual acceleration and an applied force resulting in the 
actual acceleration . 

16 . The computer - implemented method of claim 11 , 
wherein the actual acceleration is an angular acceleration , 
the method further comprising the steps of determining a 
moment of inertia and drag of the autonomous or semi 
autonomous device based on the actual acceleration and an 
applied torque resulting in the actual acceleration . 

17 . The computer - implemented method of claim 11 , 
wherein the mathematical model is expressed in tensor or 
geometric algebraic equations . 

18 . The computer - implemented method of claim 11 , 
wherein the control response is determined according to a 
proportional integral derivative ( PID ) . 

19 . The computer - implemented method of claim 11 , fur 
ther comprising the step of passing the inverted transfer 
function through a Kalman filter . 

20 . A computer - implemented system for controlling an 
autonomous or semi - autonomous drone , the computer 
implemented system comprising : 

a processor configured to : 
receive a command signal ; 
instruct the autonomous or semi - autonomous drone to 

accelerate according to the command signal ; 
receive a measurement signal representative of an 

actual acceleration of the autonomous or semi - au 
tonomous drone ; 

determine an initial control response according to a 
proportional integral derivative ( PID ) based on the 
actual acceleration via a prediction model ; 

apply a mathematical transform to the command signal 
and the measurement signal ; 

determine a mathematical model of the autonomous or 
semi - autonomous drone according to least - square 
fitting or Newton ' s method based on the transformed 
command signal and transformed measurement sig 
nal , the mathematical model being expressed in 
tensor or geometric algebraic equations and having a 
plurality of parameters ; 

smooth the parameters of the mathematical model ; 
determine a transfer function of the mathematical 
model ; 

invert the transfer function ; 
pass the inverted transfer function through a Kalman 

filter ; 
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determine a mass , moment of inertia , and phase 
responses based on the mathematical model and 
inverted transfer function ; 

determine updated control responses based on the 
mathematical model , inverted transfer function , 
mass , moment of inertia , and phase responses ; and 

control the autonomous or semi - autonomous drone 
according to the updated control responses . 

* * * * * 


